Objectives. To review the current literature on the health effects of vitamin D, especially the effects on inhabitants living in the northern latitudes. Study Design. Literature review. Methods. The scientific literature concerning health effects of vitamin D was reviewed and the current dietary recommendations for inhabitants living in northern latitudes were discussed. Results. Vitamin D is a steroid-structured hormone produced in the skin upon exposure to UVBradiation or obtained from certain food products (for example, liver). Its production is mediated by the vitamin D receptor, which belongs to the nuclear receptor family, and exerts its function as a transcription factor regulating several target genes. Active metabolites of vitamin D play an important role in calcium and phosphate homeostasis. Deficiency of vitamin D results in diminished bone mineralization and an increased risk of fractures. In addition, vitamin D is connected to a variety of other diseases that include different cancer types, muscular weakness, hypertension, autoimmune diseases, multiple sclerosis, type 1 diabetes, schizophrenia and depression. Conclusions. Vitamin D plays a fundamental role in calcium and phosphate homeostasis. A deficiency of vitamin D has been attributed to several diseases. Since its production in the skin depends on exposure to UVB-radiation via the sunlight, the level of vitamin D is of crucial importance for the health of inhabitants who live in the Nordic latitudes where there is diminished exposure to sunlight during the winter season. Therefore, fortification or supplementation of vitamin D is necessary for most of the people living in the northern latitudes during the winter season to maintain adequate levels of circulating 25(OH)D 3 to maintain optimal body function and prevent diseases.
INTRODUCTION
Vitamins, organic compounds essential for metabolic reactions in living organisms, cannot be endogenously synthesized and therefore must be obtained from our diets. Among the vitamins, vitamin D is an exception. Vitamin D can be synthesized by the skin when exposed to UVB radiation. Therefore, inhabitants of northern latitudes with a short daylight period during the winter season are at considerable risk of experiencing vitamin D deficiency. Such a deficiency could contribute to numerous diseases and to a deteriorated well-being unless vitamin D is supplemented by nutritional sources. In this review, we focus on vitamin D metabolism, diseases associated with inadequate levels of circulating 25(OH)D 3 and the current recommended intake.
The name "vitamin D" refers to the group of compounds possessing antirachitic activity. With relation to its health effects, the most important forms of vitamin D are cholecalciferol (vitamin D 3 ) and ergocalciferol (vitamin D 2 ), which are formed when our skin is exposed to the sun or obtained from food products. These forms differ in the composition of the side chains (Fig. 1) .
The most established physiological function of calcitriol or 1α,25(OH) 2 D 3 is to maintain serum concentrations of calcium and phosphate in the optimal range, supporting cellular processes like neuromuscular function and bone ossification. 1α,25(OH) 2 D 3 enhances the efficiency of the intestinal absorption of calcium and phosphate as well as the mobilization of calcium and phosphate stored in the bones (1) .
Vitamin D metabolism
Pre-vitamin D 3 is formed in the basal and suprabasal layers of skin epithelial cells from 7-dehydrocholesterol (7-DHC, an immediate precursor of the cholesterol biosynthetic pathway) by a photochemical reaction by UVB Vitamin D and living in northern latitudes radiation (wavelength 290-315 nm) (1) . The unstable isomers of pre-vitamin D 3 are isomerized to vitamin D 3 . However, prolonged exposure does not produce excess amounts of vitamin D 3 , since the pre-vitamin is degraded to the biologically inert isomers, lumisterol and tachysterol (1) Table I .
Analogs of 1α,25(OH) 2 D 3 have been developed as potential drugs to treat various diseases, for example, prostate cancer. Currently, more than 2,000 synthetic analogs of vitamin D are known (9) . However, the hypercalcemic effect of these analogs restricts their therapeutical use (10). Osteoporosis is defined as a loss of bone mass and microarchitectural deterioration of the skeleton leading to increased risk of fracture (12) . It is at least in part a consequence of a lack of vitamin D in the diet, as the circulating concentrations of 25(OH)D 3 above 75 nmol/l have been identified to be effective in the prevention of fractures (13) . Osteoporotic fractures result from the combination of reduced bone strength and an increased rate of falls (14) . Furthermore, increased age possesses an increased risk of osteoporosis, especially among postmenopausal women due to the additional decrease in estrogen levels (15) . It has been estimated that more than 200 million women worldwide have osteoporosis (16), thus creating a major health concern and economical burden and an urgent need for low-cost, effective and well-tolerated therapy.
Epidemiological studies revealed that the prevalence of hip fractures has been the highest in North American and Scandinavian countries (14, 16) . In Europe, there are huge differences in the prevalence of fractures within different populations, with the highest risks found in Norway and Hungary (16, 17) . The risk of fractures has been approximately seven times lower in the southern parts of Europe compared with the Nordic countries (14, 16) . The epidemic is also a concern in other parts of world (18) .
Vitamin D supplementation (cholecalciferol) might be a promising, effective and well-tolerated therapy with a low toxicity (19) . Therefore, several clinical trials have been conducted to assess the efficacy of vitamin D supplementation in the prevention of osteoporosis (reviewed more in detail in 13, 19, 20) . The results of the different trials are summarized in Table II . These studies demonstrate that administration of vitamin D (>20 μg (800 IU) per day) decreased the risk of fractures (13, 21, 22) . In addition, deficiency of vitamin D followed by secondary parathyroidism predisposes an individual to accidents due to proximal myopathy (23, 24) .
Vitamin D and other diseases
In addition to its importance on bone formation and metabolism, vitamin D deficiency has been associated with a variety of other diseases such as various cancers, muscular weakness, hypertension, autoimmune diseases, multiple sclerosis, type 1 diabetes, schizophrenia and depression. Furthermore, vitamin D has been shown to be involved in the development of Th1-cell driven autoimmune diseases (25) (26) . The same activity has been found in a variety of cells, including normal and malignant colon (27) and lung cells (28) . In these tissues, 1α,25(OH) 2 D 3 acts in an autocrine fashion regulating cell Vitamin D and living in northern latitudes Supplementation of vitamin D has been shown to inhibit experimentally induced colon cancer in rat models (37, 38) , and an inverse association between colorectal cancer and vitamin D intake has been described in a multi-ethnic cohort study (39) . Induction of detoxifying enzymes for secondary bile acids like lithocholic acid -known colonic carcinogens -are believed to be the molecular mechanism of this inhibitory effect.
The connection between type 1 diabetes and vitamin D intake has remained controversial. Some reports support the finding that adequate supplementation of vitamin D decreases the incidence of type 1 diabetes (40, 41) . Lower levels of circulating 25(OH)D 3 have been found in young patients with type 1 diabetes (42, 43) . However, in another study, such a correlation could not be shown, suggesting other additional factors are involved in the pathophysiology of type 1 diabetes (44) .
An association between UV radiation, vitamin D intake and multiple sclerosis (MS) has been suggested by an epidemiological study (45) (47) . In meat and animal products, vitamin D is present as vitamin D 3. Therefore, diet composition affects vitamin D intake. Consequently, vegans and lacto vegetarians have a low vitamin D intake compared with omnivores (48) . Food sources containing naturally high amounts of vitamin D are presented in Table III . In 2003, the Finnish Ministry of Social Affairs and Health recommended fortification of milk with vitamin D 3 by 0.5 µg/dl and margarines and butter by 10 µg/ 100 g, but not yogurts. The effect of these fortifications have been documented in a recent study by Laaksi and colleagues in which they documented increased 25(OH)D 3 levels in young Finnish men (49) and 4-year-old children (50) . In the United Kingdom and Canada, the fortification of margarine is mandatory (51), whereas in Finland, milk and butter/margarines are not required to be fortified (52) . In Finland, consumption of a litre of milk contains only 5 μg vitamin D 3, which represents 50% to 75% of the recommended dose. In Canada, milk is more strongly fortified and provides 44% of the recommended dose (10 μg) in 250 ml (51) . In the U.S., orange juice, cereals, bread and yogurt are allowed to be fortified with (54) .
Vitamin D intake and diet
The optimal vitamin D dietary intake is discussed widely and controversially in the literature (55) (56) (57) (58) (59) (60) (61) . Most national recommendations are based on U.S. recommendations (47) . Nordic and U.S. recommendations are presented in Table II . However, regardless of the recommendations, vitamin D deficiency remains a common epidemic in many countries because intake of the vitamin and exposure to sunlight are significantly lower than recommended (59, (62) (63) (64) (65) (66) . Furthermore, it seems physicians are not addressing the problem in spite of the overwhelming evidence (67, 68) . In a recent study, Elina Hyppönen and Chris Power concluded that the "prevalence of hypovitaminosis D in the general population was alarmingly high during the winter and spring, which warrants action at a population level rather than at a risk group level" (69) .
The total intake of vitamin D has been difficult to estimate, since circulating levels of 25(OH)D 3 are the product of dietary intake and exposure to sunlight. 25(OH)D 3 is the major circulating metabolite of vitamin D, and it has been widely used as a marker of endogenous and exogenous intake of vitamin D. However, additional biomarkers for sufficient vitamin D status are available, such as PTH concentration or bone mineral density (55, 57) . There is an inverse correlation between 25(OH)D 3 and PTH levels. Serum concentrations of 25(OH)D 3 that are lower than 20 nmol/l are considered as vitamin D deficient, levels of 40-80 nmol/l are insufficient and levels of 100-120 nmol/l are optimal (55), while others have claimed that serum levels of 25(OH)D 3 below 80 nmol/l are already deficient (56) . If bone mineral density is considered to be a determinant of sufficient levels of vitamin D, then circulating levels of 90-100 nmol/l are considered to be optimal (57) . In a recent editorial, it was concluded that in order to maintain optimal health and prevent disease, the circulating levels of 25(OH)D 3 must exceed 75 nmol/l (corresponding to 30 ng/ml) (58). 
Vitamin D and living in northern latitudes
In northern latitudes, seasons strongly affect circulating levels of 25(OH)D 3 . During the winter season, levels of the serum 25(OH)D 3 decrease and increase during the summer months (65, 70, 71) . In Finland, one-third of the young adult population was vitamin D deficient during the winter (February to March, latitude 60º) (62) . Recently, Andersen et al. investigated vitamin D serum levels in northern Europe (72) . They found low levels in young adolescent girls with a median serum value of 25(OH)D 3 of 29.4 nmol/l and in elderly women of 40.7 nmol/l. These low values clearly affect bone health among other possible health related effects (73, 74) . The latitude of residence seems to be a very strong predictor of seasonal differences in vitamin D status (74, 75) . At the 61° latitude in Norway, sunlight does not promote vitamin D synthesis during the 6 winter months (75) . Interestingly, in some parts of northern Norway (latitude 69°), there are communities consuming high amounts of the traditional Norwegian fish dish "Mølje," a meal consisting of cod, hard roe, cod liver and fresh cod-liver oil. Even a single meal of "Mølje" increases the levels of plasma 25(OH)D 3 . In addition, consumption of cod-liver oil as a supplementary vitamin D source plays a beneficial role by significantly increasing levels of plasma 25(OH)D 3 (75, 76) . Surprisingly, in one study, serum 25(OH)D 3 concentrations among postmenopausal women in different European countries were higher in northern Europe when compared with countries in southern Europe (77) . The authors speculated that Nordic women might have higher rates of vitamin D production due to their the lighter skin being exposed to the sun and a higher consumption of multivitamin products in the northern European diet.
Several studies indicate that vitamin D deficiency is a very common finding not only in elderly people living in northern latitudes but also in adolescent girls (52, 63, 72, 74, 75, (78) (79) (80) . This deficiency has been observed even in spite of a higher nutrient-based intake via traditional food products in the elderly population (52) . However, the recommended vitamin D intake for adults 50 years and older is higher (Table IV) and thus the dietary intake remains inadequate, especially among elderly women (64) . Elderly people have a higher risk of deficiency due to the decreased capacity of their skin to produce adequate amounts of vitamin D. Atrophic changes in ageing skin reduce the capacity to synthesize vitamin D, combined with a reduced amount of 7-dehydrocholesterol (24, 81, 82) . Furthermore, absorption of vitamin D from food products diminishes with age (81, 83) .
It has also been shown that obesity correlates with vitamin D deficiency. Carlin and co-workers demonstrated recently in a large group of morbidly obese patients that 166 out of 279 had vitamin D depletion (<or= 20 ng/ ml) (84) . Furthermore, vitamin D depletion was significantly more prevalent in AfricanAmerican patients than in white patients, indicating that African-Americans have an additional risk because of their skin pigmentation (84) . Wortsman et al. demonstrated that after 24 hours of whole body UV-B exposure or after oral intake of vitamin D 2 the amount of vitamin D 3 was significantly lower in obese compared with non-obese subjects (85) . (58) . In addition, the margin of safety (hypercalcemia) is several times higher than the intake of any of the current recommendations (91). In North America and Europe, the tolerable upper intake dose of vitamin D 3 (cholecalciferol) is defined as 50 μg daily, not including the endogenous production. It has been suggested that circulating levels higher than 200 nmol/ l are toxic (86) . The accumulated effects of multiple supplements taken together are most often the cause. Adams and Lee (87) investigated 39 upper-middle-class patients in West Los Angeles (34 to 80 years, 37 were white and 32 were women) refereed by their primary health care providers for possible osteoporosis or low bone mineral density. Four patients were found to have hypercalciuria and elevated levels of serum 25(OH)D 3 . These 4 patients used multiple dietary supplements simultaneously in addition to calcium (mean 4.6 supplements, range 3-8) and possibly fortified food products. Therefore, health care professionals should consider the possibility of overdosing when prescribing or recommending supplements (88) .
The optimal circulating levels are considered to be concentrations between 90 and 120 nmol/l (56) (57) (58) 86, 89) , creating a narrow therapeutic window. Nevertheless, even prolonged consumption of 100 μg/day for 3 months, which is double the recommended tolerable upper intake and defined as the lowest observed adverse effect level (LOAEL) based on the results by Narang et al. (90) In the northern latitudes, solar radiation is not sufficient for vitamin D synthesis for nearly half of the year (winter season). Therefore, it must be obtained from nutritional sources. Only animal products contain sufficient vitamin D, yet adequate plasma levels are difficult to obtain from our normal daily "Western style" diet. Therefore, fortification or supplementation of vitamin D is necessary for most people living in the northern latitudes during the winter season in order to maintain adequate levels of circulating 25(OH)D 3 that support optimal body function and prevent Vitamin D and living in northern latitudes diseases. However, during the summer season, the increased sunlight produces enough vitamin D. Therefore, the amount of fortification or supplementation of vitamin D requires seasonal variation. The current recommendations need reconsideration, as the current recommended intakes (Table IV) are not sufficient to maintain the optimal vitamin D levels in the body (58) .
In Finland, general fortification of milk products with vitamin D began in 2003, resulting in a clear improvement of the vitamin D levels among the population. Adequate supplementation of vitamin D together with calcium would be even more economically beneficial in the prevention of fractures. It has been estimated that adequate supplementation of vitamin D would even yield in a financial benefit of 79,000 to 711,000 euros per 1,000 treated women (22) .
Furthermore, increased attention to the education of the general population and, in particular, health care professionals on vitamin D intake, metabolism and health effects would improve the quality of life for much of the population and produce a significant reduction in the economic burden of deficiency-related diseases on societies and communities living in the northern latitudes (Table V) . Newer studies have clearly indicated that the current recommendations for vitamin D supplementation are too low as demonstrated by the outcome of a recent clinical trial (91) . In addition, the margin of safety (hypercalcemia) is several times larger than the intakes of any of the current recommendations (58) . Yet caution must be taken when multiple vitamin supplements are taken simultaneously without any further considerations, but even in those cases, documented toxicity is sparse in the scientific literature (87, 92) .
